This work targets to control the growth orientation of sol-gel-derived ZnO thin films in order to allow different modes of excitation (longitudinal and transverse) when targeted to be used in piezoelectric applications. For that, the effect of solvents and stabilizer molar ratio on the structural and optical characteristics of the obtained films is investigated by means of X-ray diffraction (XRD), scanning electron microscopy (SEM), and UV-Vis spectrophotometry. The XRD results show clearly that the synthesized films exhibit hexagonal wurtzite structure without any secondary phases and that the crystallite average size, estimated by the Scherrer formula, is ranged between 13 and 30 nm. The main finding of this work is to show that the control of the crystalline growth orientation is possible simply by varying the solvent nature and/or the stabilizer molar ratio. These later parameters are therefore considered as key factors when seeking to develop the ZnO-based transducers. Actually, the ZnO thin films synthesized with propanol as solvent are oriented only along the c-axis; meanwhile, when using the isopropanol or ethanol, other preferential orientations appear. Additionally, the effect of MEA molar ratio (r) has been studied on the propanol-derived films (the unfavorable case). It has been found that this parameter has a direct effect on the crystalline growth orientation of these films and that a new preferential orientation (100) appears at low r. On the other hand, SEM images show the formation of homogeneous nanocrystalline thin films with an average grain size ranged between 19 and 35 nm. Moreover, the ZnO thin films exhibit a high transparency in the visible region, and the measured transmittance is ranged from 85 to 97%. However, the change of ZnO film orientation has no significant effect on the direct bandgap energy which is closed to 3.30 eV.
Introduction
Zinc oxide (ZnO) is one of the more attractive semiconducting metal oxides owing to its interesting properties including a wide and direct bandgap (3.37 eV) and large exciton binding energy (60 meV) as well as high transparency [1] [2] [3] [4] [5] [6] . For that, ZnO thin film is an excellent candidate for many applications, such as transparent electrodes [7] , ultraviolet photoconductive detectors [8] , piezoelectric transducers [9] , gas sensors [10] , and solar cell [11] [12] [13] . The hardware requirements of these applications are behind the development of various ZnO growing techniques including chemical bath deposition [14] , sputtering [15] , electron beam evaporation [16] , spray pyrolysis [17, 18] , and the sol-gel method [19, 20] . Among all these, the sol-gel is a low-cost method which has several advantages such as the high surface morphology at low crystallization temperature, the easy control of chemical components, and the fabrication of large area.
ZnO films can be produced in wurtzite (hcp), rock salt (fcc), and zincblende (fcc) phases [21] . In the ambient conditions, ZnO crystallizes in the wurtzite phase which is a tetrahedrally coordinated structure with hexagonal lattice. In this phase, due to its noncentrosymmetric characteristics, ZnO films exhibit piezoelectric properties, which can be exploited in transducer applications [22] . For that, the piezoelectric layer must be correctly oriented with respect to the electrodes so that the acoustic wave can be excited [23, 24] . Two types of acoustic waves are distinguished according to the atom displacement in relation to the direction of the wave propagation: longitudinal waves, whose particle displacement is parallel to the direction of wave propagation, and transverse waves, for which the particle displacement is perpendicular to the direction of wave propagation [25] . As it is known, ZnO thin films grow preferentially along their crystallographic c-axis, allowing only longitudinal mode excitation [26] . One of the major challenges, when seeking to improve the ZnO piezoelectric properties for transducer applications, is to also allow the excitation of transverse mode. The control of the growth orientations is important because it allows predicting which types of acoustic waves can be generated within the thin layer of the material. Therefore, making ZnO to grow along other orientations is a key factor to develop ZnO-based transducers which can be excited both in longitudinal and transverse modes.
The quality of the ZnO films is typically determined regarding surface uniformity, transparency, conductivity, and crystalline orientation [27] . This quality is strongly affected by many factors such as the sol aging time [28, 29] , the concentration of the precursor [30] [31] [32] [33] , and the preheating and the postannealing temperatures [31, 34, 35] . In our previous paper [19] , we studied the influence of the precursor concentration and annealing treatment on the structural and optical properties of sol-gel ZnO thin films. The results confirmed clearly that the synthesis parameters affect both the film orientation and the crystal quality. In this framework, the objective of this work is to control the growth orientation of sol-gel-derived ZnO thin films in order to allow different modes of excitation (longitudinal and transverse) when used in piezoelectric applications. To this end, the effect of solvent nature (propanol, isopropanol, and ethanol) and the stabilizer molar ratios on the structural and optical properties of ZnO thin films is investigated and discussed.
Experimental Details
ZnO thin films are prepared by the sol-gel process. As a starting material, the precursor sol (0.1 M) is prepared by dissolving zinc acetate dihydrate [Zn (CH 3 CO 2 ) 2 ·2H 2 O] in different solvents, namely, propanol, isopropanol, and ethanol. The solution was heated at 60°C for one hour and then the MEA stabilizer is added drop by drop. The MEA to zinc acetate molar ratio (r) is varied from 0.5 to 2. A clear homogeneous solution is obtained after one hour of reaction. The ZnO films were deposited on the glass substrates by spin coating at 3000 rpm for 30 s under normal conditions of temperature and pressure. To remove organic matter, the as-synthesized films were preheated in air at 200°C for 10 min. The coating and the preheating treatment processes are repeated several times to achieve the desired thickness. Finally, the films are subsequently annealed at 500°C to improve the crystallization and the densification.
The grown ZnO thin films were investigated by a Panalytical X'Pert Pro X-ray Diffractometer, working in BraggBrentano geometry with Cu-Kα radiation. The morphology study was performed using FEI Quanta 200 scanning electron microscopy (SEM). The optical transmittances and bandgap energies of the samples were carried out using a PerkinElmer Lambda 900 Spectrophotometer in the UV-Vis/-NIR regions. Figure 1 shows XRD patterns of ZnO thin films obtained using different solvents (ethanol, isopropanol, and propanol) when the Zn concentration was fixed to 0.5 M. All recorded peaks show that the samples exhibit hexagonal wurtzite structure (JCPDS 36-1451) without any other secondary phases. It is obvious that the ZnO thin films synthesized with isopropanol and ethanol exhibit the highest (101) peak intensities. However, when the propanol is used as solvent, the highest intensities are obtained for the (002) peak. These results show that it is possible to control the preferential growth axis of ZnO thin films by varying solvent and that the isopropanol is the best one.
Results and Discussion
To qualify the preferred orientation of the obtained ZnO films, the relative intensity I r hkl is evaluated using the following relationship:
where I hkl is the hkl peak intensity and ∑I hkl is the sum of the intensities of all the diffraction peaks. Figure 2 presents the variation of the relative intensity ratio as a function of solvent nature. It is obvious that the film synthetized using propanol as solvent is preferentially oriented along (002) direction, while those prepared using isopropanol or ethanol behave as the bulk. This behavior perhaps linked to the boiling point of the chosen solvent 2 International Journal of Photoenergy (propanol 98°C, isopropanol 82.6°C, and ethanol 78.37°C) [36] . In fact, the solvent with a higher boiling point evaporates more slowly during heating (60°C) and would promote the growth along the natural preferential c-axis orientation. Meanwhile, in the case of lower boiling point solvents, the evaporation is faster and forces the material to grow along other orientations and behaves as the bulk. The crystallite size (D) of the ZnO thin films is estimated by the Debye-Scherrer formula as follows:
where λ is the wavelength of the used X-ray radiation; β is the full width at half maximum (FWHM), and 2θ is the highest diffraction angle. We could have more crystal quality information using the following formula:
where δ is the dislocation density. The microstrain in the films was calculated from the formula given as follows:
The lattice constants a and c of the ZnO wurtzite structure are calculated using Bragg's law as follows:
All the obtained values are given in Table 1 . It was observed that the ZnO thin films prepared using propanol present the smallest crystallite size (16 nm) while those prepared using isopropanol present the largest ones (30 nm) and then the smallest dislocation density (better crystallization). In addition, the evaluated strain decreases as the crystallite size increases; this is may be due to the decrease of grain boundary area [37] . The largest crystallite size obtained in the case of isopropanol is attributed to its highest viscosity when compared to the two other solvents [36] . The lattice parameters "a" and "c" values are closest to the pure bulk ZnO (JCPDS card . This indicates that the obtained ZnO films are of good crystallinity.
A typical SEM image of the isopropanol-derived ZnO thin films is presented in Figure 3 ; it shows that the surface of the film is smooth and dense, which means a good crystalline quality of the film. The grain size is uniformly distributed with an average of about 35 nm.
Optical Study.
The optical transmittance spectra of the obtained ZnO thin films using propanol, isopropanol, and ethanol as solvents are presented in Figure 4 . As shown, all the films exhibit an average transmission higher than 90% in the visible region. These optical measurements indicate that the films have good crystalline quality which has also been confirmed by XRD analysis. The observed interference fringes are due to multiple reflections of radiation on two film interfaces, i.e., at the film/air and the film/substrate interfaces. This behavior shows that the films studied have smooth and uniform surfaces as observed by SEM.
The optical absorption coefficient (α) can be calculated using the Lambert law relation as follows:
where d is the thickness of the film and T is the transmittance. The relation between absorption coefficient and incident photon energy can be written as follows:
where hν is the photon energy, A is constant for direct transition, and E g is the direct bandgap. The obtained values of the bandgap energy and thickness of the films for different solvents are presented in Table 2 . Lowest bandgap energy (3.25 eV) is observed in the case of propanol. As confirmed by XRD results, this effect is seemingly attributed to the strain generation which leads to the variation in the interatomic spacing [38] . We conclude that the isopropanol and ethanol are the appropriate solvents for controlling the growth orientation of ZnO thin films and that the isopropanol is the most preferred for producing the ZnO films with suitable structural and optical properties.
Effect of Stabilizer Molar Ratio.
As it can be deduced from the last paragraph, the propanol-derived films were 3 International Journal of Photoenergy oriented only along the c-axis which constitutes the unfavorable case. In order to make them growing along other orientations, the effect of different molar ratio (r) MEA to Zn is investigated.
3.2.1. Structural Study. The XRD patterns of the propanol-derived ZnO films with different MEA molar ratios are shown in Figure 5 . All the diffraction peaks are indexed and match with the pure hexagonal wurtzite structure without any secondary phases. As can be observed, when increasing the MEA molar ratio from 1 to 2, only high intense (002) peak is observed, indicating that the film crystallinity has been improved along c-axis orientation. Meanwhile, when decreasing the MEA molar ratio from 1 to 0.5, the (100) peak intensity increases to the detriment of (002) peak, indicating the apparition of another preferential orientation.
To more illustrate the effect of the stabilizer molar ratio on the crystalline growth orientation, we present in Figure 6 the variation of the relative intensities I r hkl versus the stabilizer molar ratio. It is clear that the relative intensity ratio of (100) increases and that of (002) decreases with decreasing MEA molar ratio. This result indicates that it is possible to change the preferential orientation by varying MEA molar ratio and then both (100) and (002) are considered as preferential orientations at low r. Additionally, it has been reported [39] that the function of complexing agent (MEA) is to promote the Zn 2+ condensation and favors the formation of ZnO owing to the presence of amine which 4 International Journal of Photoenergy increases the pH of the solution. Thereby, the lower ratios of MEA would decrease the Zn 2+ condensation rate in the (002) plane (of low surface free energy) and finally improve the growth along other orientations as (100). Comparable results were obtained by Bekkari et al. [3] .
The structural parameters of samples calculated by different formulas are presented in Table 3 . A good agreement with the ZnO bulk, in terms of lattice parameters, is observed. However, the crystallite size remains constant regardless the MEA molar ratios. Figure 7 presents a typical SEM image of ZnO thin films obtained at r = 0 5. Relatively smooth surface with homogeneous and uniform grains is observed on the image. The grain average size is about 19 nm. Figure 8 shows the transmittance spectra of the propanol-derived ZnO films with different MEA molar ratios. A transmittance greater than 80% is obtained in the visible region for all ZnO thin films. Nevertheless, the transmission goes down from 97 to 85% when the molar ratio (r) is varied from 0.5 to 2.0. This reduction of transmittance at higher MEA molar ratio may be attributed to the increase in thickness and/or to the reduction of ZnO layer density which are the results of an excessive evaporation of the MEA during the postdepot annealing treatment.
Optical Study.
The values of the bandgap energy and thicknesses of the ZnO thin films are summarized in Table 4 for different MEA molar ratios. It is observed that the bandgap energy remains almost identical whatever the MEA molar ratio and very close to that of bulk ZnO (3.37 eV). On the other hand, the increase in MEA ratio induces an augmentation in the solution viscosity which raises the deposition rate and consequently increases the thickness of the film.
We conclude that the MEA molar ratio has a direct effect on the crystalline growth orientation and optical properties. r = 0 5 is the optimized MEA value which allows different growth orientations associated to the best optical properties.
Conclusion
In summary, the effects of the solvents and stabilizer molar ratio on the structural and optical properties of sol-gel-derived ZnO thin films have been studied and discussed. X-ray diffraction results confirm clearly that the synthesized films exhibit hexagonal wurtzite structure without any secondary phases, and then it is possible to control the preferential growth axis of ZnO thin films by varying solvents as well as the MEA molar ratio. The films synthetized by using propanol as solvent are preferentially oriented along the (002) direction, while in those prepared by using isopropanol or ethanol, other preferential orientations are observed. The effect of MEA molar ratio is studied on the propanol-derived films which are oriented only along the c -axis (the unfavorable case). It was found that the MEA molar ratio has a direct effect on the crystalline growth orientation of these films and that a new preferential orientation (100) appears at low r. These results are of great importance when these films are designed for piezoelectric transducer applications. Likewise, the SEM results confirm that the obtained films are homogeneous, continuous with spherical nanosized crystallites. Additionally, UV visible transmittance 
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